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Description 



INTERCONNECT STRUCTURE 
IMPROVEMENTS 

Background of Invention 

[0001] The present invention relates to semiconductor devices, 
and more particularly, to methods of forming and the re- 
sultant structures formed having cylindrical or substan- 
tially cylindrical wires for reducing both induced mechani- 
cal stresses on the structure and the line-to-line capaci- 
tance. 

[0002] integrated circuits (ICs) are fabricated by building multiple 
layers of wiring and passivation on substrates (wafers) 
that contain semiconductor devices. Often, interconnect 
metal conductive layers are connected to each other, and 
to the substrate, by patterned insulative layers residing 
over and under such interconnect metal conductive layers. 
These insulative layers are commonly composed of a di- 
electric material. The openings, such as trenches and vias, 
are etched into the insulative layers, by damascene or dual 



damascene processing, in locations wliere conductive 
wires or contacts are desired between conductive regions. 
Tliese conductive regions may include previously de- 
posited patterned metal layers, or conductive substrate 
layers underlying the insulative layer and metal patterns 
deposited on the insulative layer. The openings are then 
filled with metallization to form the conductors for elec- 
trically connecting devices located on different metalliza- 
tion levels of the IC. 
[0003] In the fabrication of ICs, the insulative layers are often 
composed of dielectric materials having low dielectric 
constants. However, as the dielectric constant (low-k) of 
the material is lowered, the insulator material becomes 
mechanically weaker, and as such, it becomes significantly 
easier to crack or damage these low-k dielectric materials. 
The susceptibility of cracking and damage to low-k di- 
electric materials increases, for example, as a result of the 
temperature cycling and/or temperature/humidity stress- 
ing of the IC. The presence of device interconnects, such 
as filled vias and/or rectangular trenches within the low-k 
dielectric layers, further increase stresses on the dielectric 
layer, which in turn, increase its susceptibility to cracking 
and damage. For instance, during sintering, stresses are 



primarily built up in tlie dielectric layer during the cool 
down cycle, whereby the dielectric layer is put into tension 
near any metal feature, making it prone to failure by 
cracking. This problem is most acute near the vias. 

[0004] Referring to Figs. lA-lB, rectangular trench openings 12 
are commonly formed by patterning and etching insulative 
layers, such as dielectric layer 10. These rectangular 
trench openings 12 extend horizontally into the dielectric 
layer 10, such that once filled with metallization, horizon- 
tal conductors, i.e. wires, have been formed by the hori- 
zontally applied patterns. However, as is shown, both the 
upper corners 14 and lower comers 16 of the rectangular 
trench opening 12 are formed at substantially QO'angles. 
It is these 90° angled corners 14 and 16 that increase the 
stresses on the dielectric layer, and thus increase suscep- 
tibility of the low-k dielectric layer to cracking or damage. 

[0005] Fig. IB shows the sharp 90° angled comers 14 may be 

eliminated by concaving downward the upper comers 14 
to result in substantially flattened upper recessed comers 
18 of trench 13. This is generally accomplished by a 
physical sputtering process, whereby the 90° angled cor- 
ners 14 are roughened during the sputter processing, 
such that portions of the upper comers 14 are removed 



and the recessed comers 18 formed. This sputtering yield 
cross section is a function of the desired angle at the re- 
cessed comers 18, with a maximum angle of 45° at the 
upper recessed comers 18, as shown in Fig. IB. 
[0006] However, in recessing the upper 90° angled corners 14, 
the lower corners 16 remain at substantially 90° angles 
within trench 13. Thus, these 90° angled lower comers 16 
continue to be propagation and nucleation points for po- 
tential cracks within the dielectric layer 10. Further, once 
trench 13 is filled with metallization, the wire formed re- 
mains to have a substantially rectangular cross-section 
shape. As circuit densities continually decrease for ad- 
vanced logic and memory chips, the device and wire di- 
mensions are scaled down, while the chip size is being in- 
creased. These more densely populated circuits are re- 
quiring that the rectangular wires be placed closer to- 
gether, thus increasing the wiring capacitance between 
adjacent wires. That is, the capacitively coupled noise be- 
tween neighboring rectangular shaped lines will become 
very severe. In addition, when the upper trench comers 
are rounded concave downward, the occurrence of unde- 
sired wire shorts between adjacent trenches increases, 
due to residual metal, which degrades the IC yield and/or 



reliability. 

[0007] jhe trench opening may be formed with a microtrenched 
profile 31 (Fig. 2A), a slightly rounded bottom profile 33 
(Fig. 2B), or alternatively, the microtrenched profile 31 and 
the slightly rounded bottom profile 33 may be processed 
together such that a flat bottom trench profile 35 is 
formed (Fig. 2C) in a rectangular trench opening 22, which 
has upper 24 and lower 26 comers at substantially 90° 
angles. However, once the trench openings of Figs. 2A-2C 
are filled with metallization, the conductors form all sub- 
stantially in the shape of rectangular parallelepipeds. Each 
of these rectangular parallelepipeds have at least one 
sharp corner and/or a flat edge, and as such, suffer from 
the above problems of propagation and nucleation points 
for potential cracks within the dielectric layer 10, as well 
as increased capacitively coupled noise between neigh- 
boring rectangular parallelepiped conductors. 

[0008] Therefore, a need continues to exist in the art for im- 
proved methods and interconnect structures that signifi- 
cantly eliminate the problems of propagation and nucle- 
ation points for potential cracks within a low-k dielectric 
layer associated with substantially rectangular conductors, 
as well as reduce capacitively coupled noise between 



neighboring conductors. 
Summary of Invention 

[0009] Bearing in mind tlie problems and deficiencies of the prior 
art, it is therefore an object of the present invention to 
provide methods and interconnect structures that signifi- 
cantly eliminate the problems of propagation and nucle- 
ation points for potential cracks within a low-k dielectric 
layer by providing cylindrical, substantially cylindrical or 
substantially half cylindrical conductors within the low-k 
dielectric layer. 

[0010] Another object of the present invention is to provide 

methods and the interconnect structures formed having 
cylindrical, substantially cylindrical or substantially half 
cylindrical conductors in a low-k dielectric layer which 
significantly reduce capacitively coupled noise between 
neighboring cylindrical, substantially cylindrical or sub- 
stantially half cylindrical conductors. 

[001 1] Yet another object of the present invention is to provide 
methods and the interconnect structures formed having 
cylindrical, substantially cylindrical or substantially half 
cylindrical conductors that reduce the potential for dama- 
scene trench upper comer shorts, or near shorts to adja- 
cent trenches, by changing the upper trench comer profile 



to an arched concave upward, or rounded, shape. 

[0012] It is yet another object of the present invention to provide 
methods and the interconnect structures formed having 
cylindrical, substantially cylindrical or substantially half 
cylindrical conductors for increasing the overall mechani- 
cal strength in the interconnect structure, as well as re- 
duce the stresses induced by the structure. 

[0013] A further object of the invention is to provide methods 

and the interconnect structures formed having cylindrical, 
substantially cylindrical or substantially half cylindrical 
conductors which reduce the high stress points within the 
low-k dielectric layer. 

[0014] It is another object of the present invention to provide 
strong, reliable and efficient integrated circuits having 
cylindrical, substantially cylindrical or substantially half 
cylindrical wires within a low-k dielectric layer. 

[0015] Still other objects and advantages of the invention will in 
part be obvious and will in part be apparent from the 
specification. 

[0016] The above and other objects, which will be apparent to 
those skilled in art, are achieved in the present invention, 
which is directed to a method of forming substantially 
cylindrical conductors. The method includes providing an 



intermetal dielectric layer, depositing a hard mask layer 
over the intermetal dielectric layer and etching an opening 
in the hard mask layer in a location corresponding to 
where a substantially half cylindrical wire is to be formed. 
The intermetal dielectric layer is then etched, in a location 
corresponding to such opening, at a substantially con- 
stant rate to form a substantially half cylindrical trench 
opening in the intermetal dielectric layer that has dimen- 
sions larger in comparison to dimensions of the opening 
in the hard mask layer. A high conductivity metal fills this 
substantially half cylindrical trench opening to form the 
substantially half cylindrical wire in the intermetal dielec- 
tric layer. The opening in the hard mask layer has a width 
"wl" and the substantially half cylindrical trench opening 
has a depth "d" and a largest width "w2", the largest width 
"w2" being a function of the opening in the hard mask 
layer represented as "w2" = "wl " + (2)(d). 
[0017] Preferably, the intermetal dielectric layer comprises a low- 
k intermetal dielectric layer. As such, the intermetal di- 
electric layer may be a SiO^-based intermetal dielectric 
layer or an organic polymer intermetal dielectric layer. SiO 
^-based intermetal dielectric layers may be etched using 
an aqueous dilute HF or a vapor HF, while organic polymer 



intermetal dielectric layers may be etched using an H^, N^, 
0^ , He and/or Ar plasma. Optionally, prior to isotropically 
etching these intermetal dielectric layers, the intermetal 
dielectric layer may be initially etched to obtain a sub- 
stantially vertical trench profile having a desired trench 
depth of the substantially half cylindrical trench opening 
for enhanced formation thereof. The hard mask layer may 
be composed of SiC , SIC N , or SiN , and optionally, a 
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liner layer may be deposited prior to deposition of the 
metal fill. 

[0018] Once the substantially half cylindrical wire is formed, any 
remaining hard mask layer may be removed and then a 
portion of the intermetal dielectric layer at least in a loca- 
tion surrounding the substantially half cylindrical wire is 
removed. This exposes atop surface of the substantially 
half cylindrical wire. The exposed top portion of the sub- 
stantially half cylindrical wire is then etched such that it is 
transformed into a substantially cylindrical wire. Addi- 
tional dielectric material may then be deposited to at least 
encapsulate the substantially cylindrical wire. 

[0019] In another aspect, the invention is directed to a method of 
forming substantially cylindrical conductors that includes 
providing a first intermetal dielectric layer, providing at 



least a second intermetal dielectric layer over the first in- 
termetal dielectric layer and depositing a hard mask layer 
over the at least second intermetal dielectric layer. An 
opening is etched into the hard mask layer in a location 
corresponding to where a substantially cylindrical wire is 
to be formed. Sequentially, the second and first intermetal 
dielectric layers are etched to form a substantially cylin- 
drical trench opening traversing through the second inter- 
metal dielectric layer and extending into the first inter- 
metal dielectric layer. The substantially cylindrical trench 
opening has dimensions larger in comparison to dimen- 
sions of the opening in the hard mask layer. This substan- 
tially cylindrical trench opening is then filled with a high 
conductivity metal to form the substantially cylindrical 
wire. 

[0020] In forming the substantially cylindrical trench opening, a 
third intermetal dielectric layer may be provided over the 
second intermetal dielectric layer. In so doing, the second 
intermetal dielectric layer selectively etches faster than the 
first and third intermetal dielectric layers so that the etch 
front partially undercuts bottom comer portions of the 
second intermetal dielectric layer for forming the sub- 
stantially cylindrical trench opening. This may be accom- 



plished by varying dopant concentrations of tliese inter- 
metal dielectric layers, or providing porous intermetal di- 
electric layers having varying amounts of porosity. Alter- 
natively, the at least second dielectric layer may be a 
graded dielectric layer having at least one constituent ele- 
ment thereof varied in concentration in a manner that al- 
lows the graded dielectric layer etch slowest at a top sur- 
face and fastest at a bottom surface thereof for forming 
the substantially cylindrical trench opening. 
[0021] In yet another aspect, the invention is directed to a con- 
ductive interconnect structure for preventing cracks in a 
dielectric layer on a substrate. The conductive intercon- 
nect structure includes at least a first intermetal dielectric 
layer and a substantially cylindrical trench opening 
therein. The substantially cylindrical trench opening is 
filled with a high conductivity metal such that a substan- 
tially cylindrical wire is formed in the at least first inter- 
metal dielectric layer. This substantially cylindrical wire 
substantially avoids any propagation points for starting 
cracks in the at least first intermetal dielectric layer. The 
conductive interconnect structure may also include at 
least a second intermetal dielectric layer, whereby the 
substantially cylindrical wire resides in both the first and 



the at least second intermetal dielectric layers. 
Brief Description of Drawings 

[0022] The features of the invention believed to be novel and the 
elements characteristic of the invention are set forth with 
particularity in the appended claims. The figures are for 
illustration purposes only and are not drawn to scale. The 
invention itself, however, both as to organization and 
method of operation, may best be understood by refer- 
ence to the detailed description which follows taken in 
conjunction with the accompanying drawings in which: 

[0023] Figs. lA-lB are prior art cross-sectional illustrations of a 
conventional process for forming a substantially rectan- 
gular conductor. 

[0024] Figs. 2A-2C are prior art cross-sectional illustrations of 
conventional via openings for forming substantially rect- 
angular parallelepiped conductors. 

[0025] Figs. 3A-3D are cross-sectional illustrations of process 

steps of the invention for forming substantially half cylin- 
drical wires. 

[0026] Figs. 3E-3G are cross-sectional illustrations of process 

steps of the invention for forming substantially cylindrical 
wires from the substantially half cylindrical wires of Figs. 
3A-3D. 



[0027] pjgs. 4A-4F are cross-sectional illustrations of process 

steps of the invention for forming substantially cylindrical 
wires. 

[0028] Figs. 5A-5C are cross-sectional illustrations of process 
steps of the invention for forming cylindrical wires. 
Detailed Description 

[0029] In describing the preferred embodiment of the present in- 
vention, reference will be made herein to Figs. 3A-5C of 
the drawings in which like numerals refer to like features 
of the invention. 

[0030] The present invention provides methods of forming and 
the interconnect structures (IC) formed having half cylin- 
drical, substantially cylindrical, or cylindrical conductors, 
preferably wires. These half cylindrical, substantially 
cylindrical, or cylindrical wires advantageously reduce the 
line-to-line capacitance between neighboring conductors, 
reduce mechanical stresses induced on the IC, and as 
such, increase the overall mechanical strength of the IC. It 
should be appreciated that the wires of the present inven- 
tion, with half cylindrical or cylindrical cross-sectional 
shapes, are understood to be nearly or approximately 
shaped as described and not ideal geometric half cylin- 
ders or cylinders. 



[0031] As the conductors of the invention are formed with half 
cylindrical, substantially cylindrical, or cylindrical shapes, 
the substantially or entirely rounded cross-sectional cir- 
cumference of these conductors significantly avoids any 
propagation or nucleation points for starting cracks in the 
dielectric layer, as compared to conventional rectangular 
conductors having angled edges, which in fact are propa- 
gation and nucleation points for initiating cracks in di- 
electric layers. That is, the cylindrical or nearly cylindrical 
shapes of the conductors of the invention avoid those 
conductors having significantly angled edges, and thereby 
appreciably eliminate any high stress points in the dielec- 
tric layer. 

[0032] Also, as a result of the substantially or entirely rounded 

cross-section of the present conductors, capacitively cou- 
pled noise between neighboring cylindrical or substan- 
tially cylindrical conductors is significantly reduced in 
comparison to conventional rectangular conductors of the 
same cross sectional volume. That is, wherein conven- 
tional neighboring rectangular conductors and the present 
cylindrical or substantially cylindrical conductors have the 
same cross sectional volume, and hence same resistance 
per unit length, neighboring rectangular conductors will 



have a higher capacitance per unit length due to the field 
lines traveling a shorter distance between neighboring 
rectangular conductors, as compared to the distance trav- 
eled between neighboring cylindrical or substantially 
cylindrical conductors, which travel a longer distance and 
therefore have a lower capacitance per unit length. 
[0033] In accordance with the invention, a substantially half 

cylindrical wire is shown in Figs. 3A-D having a substan- 
tially rounded bottom. Referring to Fig. 3A, an intermetal 
dielectric layer 110, preferably a low-k dielectric layer, is 
provided with a hard mask layer 140 over a surface 
thereof by known techniques. The intermetal dielectric 
layer 110 may include, but is not limited to, a fluorosili- 
cate glass (FSG) intermetal dielectric, a SiLK^^ intermetal 
dielectric, SiCOH, Methylsilsesquoixane (MSQ), and the 
like, including porous versions of these dielectrics, de- 
posited on the wafer using one or more known methods, 
such as plasma-enhanced chemical vapor deposition 
(PECVD), sub-atmospheric chemical vapor deposition 
(SACVD), atmospheric pressure chemical vapor deposition 
(APCVD), and spin-on. Optionally, the intermetal dielectric 
layer 110 may be subjected to a cure step, depending 
upon the material it is composed of, such as, but not Mm- 



ited to furnace annealing, plasma curing, UV curing, elec- 
tron beam cure and the like. The hard mask 140, may be 
deposited using methods similar to those used to deposit 
intermetal dielectric layer 110. 

[0034] A critical aspect of the invention is that the hard mask 
layer 140 be composed of a material that etches signifi- 
cantly slower than the underlying intermetal dielectric 
layer 110, has sufficient mechanical strength for adhesion 
to the intermetal dielectric layer 110, as well as to any 
subsequently deposited layers, and has sufficient dielec- 
tric properties, such as for dielectric breakdown. The re- 
sist mask is patterned and etched as known in the art to 
form openings 142 in locations corresponding to where 
wire trenches are to be etched in the dielectric layer 110. 
Preferably, the opening 142 has a width "w" that is smaller 
in diameter than the desired wire trench opening to be 
subsequently etched, most preferably, the width "wl" of 
opening 142 is less than one half (1/2) the largest diame- 
ter width "w2" of wire opening 112 shown in Fig. 3B. 

[0035] In achieving wire opening 112 in the intermetal dielectric 
layer 110, having a width greater than the width of open- 
ing 142 in the hard mask layer, the portion of the inter- 
metal dielectric layer 110 exposed at the bottom of open- 



ing 142 is isotropically or substantially isotropically 
etched selective to the hard mask layer 140. An essential 
feature of the invention is that the etch rate of the inter- 
metal dielectric layer 110 be substantially constant, or the 
same, throughout the intermetal dielectric layer 110, in all 
locations where etchant contacts the intermetal dielectric 
layer 110. This advantageously results in a circular or 
substantially circular etch front for forming the half cylin- 
drical or cylindrical wire trenches of the invention. 
[0036] In accordance with the invention, for a Si C O H based 

w X y z 

intermetal dielectric layer wherein w, x, y and z range 
from about 0-1, such as a SiO^-based intermetal dielec- 
tric 110, the isotropic etch of the invention may be ac- 
complished using an aqueous dilute HF or vapor HF etch. 
For example, wherein the intermetal dielectric layer 110 
comprises a FSG intermetal dielectric, a SiC , SiC N , or 

X X y 

SiN^ hard mask layer 140 may be provided thereover, the 
opening 142 formed therein, and then exposed FSG inter- 
metal dielectric material is etched using an isotropic dilute 
HF (DHF) etchant to provide the half rounded trench 
opening 112. If the upper layers of hard mask 140 are 
sacrificial, they can be composed of refractory metals or 
alloys. Wherein the intermetal dielectric 110 is etched us- 



ing an aqueous dilute HF process, a water dilution ranging 
from, but not limited to, about 5:1 to 200:1 is preferably 
employed, with an optimal dilution of about 20: 1. 
[0037] For organic polymer intermetal dielectrics 110 (e.g. SiLK''^, 
porous SiLK''^, the isotropic etch can be performed using 
an H^, Or 0^ plasma. For example, wherein the inter- 
metal dielectric layer 110 comprises SILK™ with one or 
more of SIC , SiC N , SIN , SiO or SiCOH, hard mask layer 

X X y X 2 

140 thereover, opening 142 is etched in the hard mask 
layer 140, and then the exposed SILK™ material is etched 
using an isotropic reactive ion etching to form the half 
rounded trench opening 112. 
[0038] Optionally, prior to etching the intermetal dielectric layer 
110 to form the half rounded trench opening 112 therein, 
the half rounded trench opening 112 may be initially 
anisotropically etched to obtain a desired trench depth of 
the trench opening 112 with rectangular profiles. For SiO 
^-based dielectrics, including, but not limited to, SiO^, 
FSC, or SiCOH, this etch step may be accomplished using 
a perfluorocarbon- or hydrofluorocarbon-based RIE. Al- 
ternatively, for organic polymer dielectrics, including, but 
not limited to, SiLK™or porous SILK™, this anisotropically 
etch step for obtaining the desired depth of the trench 



opening 112 may be accomplished using an 0^, or H^- 
based RIE. During tlie step of anisotropically etcliing tlie 
intermetal dielectric layer 110, polymers are formed on 
the trench sidewalls resulting in the conventional vertical 
or substantially vertical trench profiles. The isotropic etch 
step of the invention immediately follows this anisotropic 
etch step to further etch the intermetal dielectric layer 
110 having vertical or substantially vertical trench profiles 
to advantageously form the substantially half rounded 
trench opening 112 of the invention shown in Fig. 3B. 

[0039] A critical feature of the present invention is the smaller 
opening 142 having width "wl" in hard mask layer 140 
used in combination with the isotropic etch for forming 
the substantially half rounded trench opening 112 with 
the desired width and depth. Referring to Figs. 3B-3C, 
once opening 112 is filled with metallization to form the 
resultant substantially half cylindrical wire, the width of 
this wire is approximately equal to the width of opening 
112 "wl" plus two (2) times the etch depth of opening 
112, i.e., "w2" = "wl" + (2)(d). 

[0040] Upon completion of the half rounded trench opening 112, 
the wafer may be cleaned by known techniques prior to 
subsequent processing in accordance with the invention. 



such as using wet chemical cleans, anneals, sputter 
cleans, and the like. A liner 130, preferably of a refractory 
metal, may then optionally be conformally deposited 
within the half rounded trench opening 112. This may be 
accomplished by depositing a conformal layer by atomic 
layer deposition (ALD), chemical vapor deposition (CVD), 
or sputtering such that all exposed surfaces of the inter- 
metal dielectric layer 110 within the half rounded trench 
opening 112 are coated with the liner 130. The liner layer 
130 may include, but is not limited to, one or more of Ta, 
TaN, WN, Ru and the like. Optionally, in achieving the void 
free or substantially void free copper fill of the substan- 
tially cylindrical or half cylindrical trenches of the inven- 
tion, a thin copper seed layer 133 may be deposited to 
coat the liner layer 130. Thin copper seed layer 133 may 
be deposited prior to providing the copper fill 150 by 
sputtering, CVD, ALD and the like. 
[0041] Once the optional liner layer 130 and/or thin copper seed 
layer 133 coat the exposed surfaces of dielectric layer 110 
within opening 112, remaining empty portions of half 
rounded via opening 112 are preferably filled with a high 
conductivity metal, such as copper, to form the substan- 
tially half cylindrical conductor, i.e., wire. In so doing, a 



metal material, such as, but not limited to, copper is de- 
posited over the structure of Fig. 3B such that copper fills 
the half rounded trench opening 112 and coats the sur- 
face of the hard mask layer 140. The copper fill 150 is 
then electroplated to form the substantially half cylindrical 
wires. Alternative high conductivity metals include AlCu 
and Ag. Any excess copper fill is then removed from the 
wafer, particularly from the surface of the hard mask layer 
140. This may be accomplished by known techniques in- 
cluding, for example, chemical mechanical polishing, pla- 
narization, and the like. In removing any excess copper 
fill, this removal step may stop once the top surface of the 
hard mask layer 140 is reached thereby leaving remaining 
portions of the high conductivity metal material residing 
between adjacent portions of the hard mask layer 140, as 
is shown in Fig. 3C. Alternatively, excess copper fill may 
be removed such that the removal step continues the top 
surface of the dielectric layer 110 is reached, thereby re- 
moving the hard mask layer 140 and remaining portions 
of the high conductivity metal material residing between 
adjacent portions of the hard mask layer 140, resulting in 
the structure of Fig. 3D. Copper fill 150 then remains 
within the half rounded trench opening 112 and between 



remaining portions of liard masl< layer 140 (Fig. 3C), or 
remains only within tlie lialf rounded trencli opening 112 
(Fig. 3D). 

[0042] In accordance with the invention, the substantially half 

cylindrical wires shown in Figs. 3C and 3D may be further 
processed for forming substantially cylindrical wires. 
Wherein the hard mask layer 140 remains over portions of 
the substantially half cylindrical wire and the dielectric 
layer 110, as shown in Fig. 3C, such hard mask layer 140 
is removed by known techniques to expose a top surface 
of the substantially half cylindrical wire and the dielectric 
layer 110, and hence result in the structure of Fig. 3D. 
The structure of Fig. 3D is then further processed by par- 
tially etching a portion of the dielectric layer 110 so that 
the upper half of the substantially half cylindrical wire is 
exposed. This may be accomplished by conformally etch- 
ing the dielectric layer 110 for removing a portion of the 
dielectric layer's thickness, as is shown in Fig. 3E, or alter- 
natively, it may be accomplished by etching only a portion 
of the dielectric layer 110 that resides adjacent the upper 
half of the substantially half cylindrical wire to form a fur- 
row there-around the top half of such wire, as shown in 
Fig. 3F. The exposed upper half of the substantially half 



cylindrical wire is then etched, such as by a sputter pro- 
cess, for rounding the top corners of such upper half of 
the substantially half cylindrical wires for forming a sub- 
stantially cylindrical wire, as is shown in Fig. 3G. Addi- 
tional dielectric material 143 is then deposited over a sur- 
face of the structure, to form a dielectric layer or fill the 
furrow, in an amount sufficient to encapsulate the sub- 
stantially cylindrical wires. Optionally, a refractory metal 
layer may be selectively deposited on exposed surface ar- 
eas of the copper material 150 of the substantially cylin- 
drical wire to passivate such surface area prior to deposit- 
ing the encapsulating dielectric layer. For example, a W 
layer may be deposited by CVD, or a CoWP layer may be 
deposited by electroless plating. 
[0043] Referring to Figs. 4A-4G and 5A-5C, wherein the wafer 
being processed includes a multi- layer dielectric struc- 
ture, substantially cylindrical wires may be formed in ac- 
cordance with the invention having both substantially 
rounded bottoms and tops. As shown in Fig. 4A, a first in- 
termetal dielectric layer 110 may be provided, followed by 
a second intermetal dielectric layer 160 thereover, and a 
third intermetal dielectric layer 170 over the second inter- 
metal dielectric layer 160. A hard mask layer 140 may be 



deposited over the third intermetal dielectric layer 170 by 
l<nown techniques. This hard masl< layer 140, which may 
be composed of multiple dielectric or conductive layers as 
discussed previously, is patterned and anisotropically 
etched to form openings 142 in locations corresponding 
to where trench holes are to be etched into the multi- 
layer dielectric layers 110, 160, 170. As detailed above, 
opening 142 preferably has a width "wl" that is smaller in 
diameter than a width "w2" of trench opening 112 to be 
etched into the intermetal dielectric layers 110, 160, 170. 
[0044] After the opening 142 is anisotropically etched into the 
hard mask, an etch process, with or without photoresist 
remaining on the wafer, is performed to etch the opening 
further such that it extends vertically into layer 170, as is 
shown in Figure 4B. Multi intermetal dielectric layers 160 
and 110 are then isotropically etched. In so doing, a criti- 
cal feature is that an etchant is selected such that it selec- 
tively etches the intermetal dielectric layer 160 faster than 
the intermetal dielectric layers 110 and 170. Referring to 
Fig. 4C, the etch fronts through the dielectric layers 110, 
160, and 170 progress such that a substantially cylindrical 
wire opening 180 is formed, in particular, after a portion 
of dielectric layers 160 and 170 have been etched. As the 



dielectric layer 160 etclies faster tlian dielectric layer 170, 
the etch front will partially undercut 171 a bottom comer 
portion 173 of dielectric layer 170, as shown in the ex- 
ploded view of Figure 4D. That is, the original contours of 
layer 170 shown in Fig. 4B, also as is shown by the dashed 
line in Fig. 4D, are etched in a manner such that the bot- 
tom comers 173 of dielectric layer 170 are exposed to the 
etchant such that these comers are rounded-off, as shown 
in Fig. 4D. As this etch process proceeds, the lower inter- 
face of dielectric layers 160, 110 is reached (Fig. 4E), and 
then the etchant begins etching dielectric layer 110 (Fig. 
4F). Due to dielectric layer 110 having a slower etch rate 
than dielectric layer 160, dielectric layer 110 is not under- 
cut like that of dielectric layer 170 discussed above. The 
resultant structure from this etch step provides a sub- 
stantially cylindrical trench opening 185 for forming a 
substantially cylindrical wire. An essential feature in form- 
ing the substantially round trench openings 185 is select- 
ing intermetal dielectric layers having different etch rates 
that correspond to the above etching criteria of the inven- 
tion. 

[0045] For example, the third intermetal dielectric layer 170 may 
comprise a PECVD SiO layer with about 0% phosphorous, 



the second intermetal dielectric layer 160 may comprise a 
phosphorous doped (PSG) SiO^ layer doped at a highest 
dopant concentration of about 6% phosphorous, and the 
first intermetal dielectric layer 110 may comprise a SiO^ 
layer doped at about 0% phosphorous. The opening 142 is 
formed in the hard mask layer 140, and then the third, 
second and first intermetal dielectric layers are sequen- 
tially etched using a DHF wet etch or a vapor HF etchant 
such that the third intermetal SiO^ layer 170 with 0% 
phosphorous layer etches slowest, the second intermetal 
PSG SiO^ layer doped at 6% phosphorous etches faster 
than the third intermetal layer, and the first PSG SiO^ layer 
110 doped at 0% phosphorous etches slower than the 
second intermetal dielectric PSG layer 160, such that the 
substantially round trench openings 185 are formed. Al- 
ternatively, the first, second and third intermetal dielectric 
layers may be doped with a dopant such that the second 
intermetal dielectric layer has the lowest concentration of 
dopant, i.e., dopant concentrations lower than both the 
first and third intermetal dielectric layers, whereby the 
lower doped concentration second intermetal dielectric 
layer etches faster than both the first and third intermetal 
dielectric layers. Still further, the intermetal dielectric lay- 



ers 170, 160, 110 may comprise porous dielectric layers 
having the least porosity at the first and third intermetal 
dielectric layers and the most porosity at the second in- 
termetal dielectric layer such that the layers are etched 
from slow-fast-slow as discussed above. For example, the 
multi-layer dielectric layers may comprise a third inter- 
metal SiLK^ layer with 0% porosity, a second p-SiLK™ 
layer with 20% porosity and a third SiLK™ layer with 0% 
porosity, which are etched from slowest to fastest using 
an or plasma etch to form the substantially round 
trench openings 180. 
[0046] The liner layer 130 may then be provided within the sub- 
stantially round trench openings 180, and then remaining 
empty portions of the substantially round trench openings 
180 are filled with metallization to form substantially 
cylindrical conductors/wires. Once metallization has been 
deposited to at least fill the substantially round trench 
openings 180, any excess metallization is removed from a 
surface of the hard mask layer 140. This hard mask layer 
140 may be removed (as shown in Fig. 4C), or may not be 
removed, to provide the final structure with substantially 
cylindrical wires. This metallization process is similar to 
the methods employed to metallize the half-cylindrical 



wires discussed above. 

[0047] In accordance with tlie invention, tlie conductors may also 
be provided witli a completely cylindrical shape. Referring 
to Figs. 5A-5C, the multi-layer dielectric interconnect 
structure processed in accordance with the invention has 
a dielectric layer 110 with a graded dielectric layer 190 
over a surface thereof. The graded dielectric layer 190 
comprises a single layer having at least one constituent 
element of the material varied in concentration as the 
graded dielectric layer 190 is provided over the dielectric 
layer 110. Preferably, the at least one constituent element 
is varied throughout the deposited thickness of the mate- 
rial such that the graded dielectric layer 190 etches slow- 
est at a top surface of the graded dielectric layer 190 and 
fastest at the bottom surface of the graded dielectric layer 
190, which is in contact with the dielectric layer 110. 

[0048] For example, dielectric layer 110 may comprise a PSG SiO^ 
layer 110 doped at a single stoichiometry of 6% phospho- 
rous. The graded dielectric layer 190 may then be pro- 
vided over this 6% phosphorous doped PSG SiO^ layer 
110. In so doing, the concentration of phosphorous is 
varied throughout the process of depositing the graded 
dielectric layer 190 whereby the largest concentration of 



phosphorous (e.g. 6% phosphorous) is doped at a bottom 
surface thereof, which is in contact with the 6% phospho- 
rous doped PSG SiO^ layer 110, gradating to the smallest 
concentration of phosphorous (e.g. 0% phosphorous) at a 
top surface of the graded dielectric layer 190. Graded di- 
electric layer 190 may be deposited by PECVD using a 
parallel plate reactor with a pressure of about lOTorr and 
temperature of about 400°C. During the PECVD deposition 
process, TEOS may be used as a source, oxygen as an ox- 
idizer, and a triethylphophate (TEPO) gas as the phospho- 
rous source. Thus, in forming the graded dielectric layer 
190, the highest dopant concentrations of phosphorous in 
the PSG SiO^ layer are deposited at the beginning of the 
deposition process, and then concentrations are ramped 
down by reducing the TEPO flow while the film is being 
deposited to the lowest concentrations of phosphorous at 
the end of the deposition process. In accordance with the 
invention, it should be appreciated that the graded dielec- 
tric layer 190 may also comprise a graded SiCOH layer 
having graded concentrations of carbon. Alternatively, the 
graded SiCOH layer may have graded levels of porosity 
during deposition of the SiCOH layer, whereby the lowest 
level of porosity (e.g. 0% porosity) is at a top surface of 



the graded SiCOH layer and the highest level of porosity 
(e.g. 40% porosity) is at a bottom surface of the graded 
SiCOH layer. 

[0049] Once the graded dielectric layer 190 has been deposited 
over the dielectric layer 110, a hard mask 140 is provided 
over a surface of the graded dielectric layer. The hard 
mask is then patterned and etched to form openings 142 
in locations corresponding to desired trenches, thereby 
exposing a portion of the top surface of the graded di- 
electric layer 190. These exposed portions of the graded 
dielectric layer 190 are then isotropically etched such that 
the etch rate monotonically increases as the etchant ex- 
tends from the top surface to the bottom surface of the 
graded dielectric layer 190. Dielectric layer 110 is also 
etched to form substantially round trench openings 185 
within the dielectric layers 190, 110. Preferably, the etch 
rate at the bottom of the graded dielectric layer 190 is 
equal to the etch rate of dielectric layer 110. For example, 
wherein the dielectric layers comprise a graded phospho- 
rous doped PSC SiO^ layer 190 over a 6% phosphorous 
doped PSC SiO^ layer 110, these dielectric layers may be 
etched using DHF to form the substantially round trench 
openings 185. Alternatively, wherein the dielectric layers 



comprise a graded SiCOH layer 190 over a SiCOH layer 
110, these dielectric layers may be etched using a PFC- 
oxygen isotropic plasma etch to form the substantially 
round trench openings 185. 

[0050] Referring to Fig. 5B, liner layer 130 may then be provided 
within the substantially round trench openings 185, and 
then remaining empty portions of the substantially round 
trench openings 185 are filled with metallization to form 
cylindrical conductors/wires, similarly to the methods em- 
ployed to metallize the half-cylindrical wires discussed 
above. Once metallization has been deposited to at least 
fill trench openings 185, any excess metallization is re- 
moved from a surface of the hard mask layer 140. This 
hard masl< layer 140 may be removed (as shown in Fig. 
5C), or may not be removed, to provide the final structure 
with cylindrical wires. 

[0051] Alternatively, after the hard mask opening 142 is formed 
in Fig. 5A, a portion or substantially all the graded dielec- 
tric layer 190 exposed by opening 142 may be anisotropi- 
cally etched for forming a structure similar to that as is 
shown in Fig. 4B. By initially etching the graded dielectric 
layer 190 to form a structure like that of Fig. 4B, the for- 
mation of a circular etch profile in the dielectric layers 



190, 100 is enhanced since tlie lower dielectric layer 110 
etches faster than the upper graded dielectric layer 190. 
Alternatively, the dielectric layer 110 may also comprise a 
graded dielectric layer with the highest etch rate material 
at the upper surface thereof for further enhancing the for- 
mation of the substantially round trench openings 185 of 
the invention for forming substantially round wires. 
[0052] While the present invention has been particularly de- 
scribed, in conjunction with a specific preferred embodi- 
ment, it is evident that many alternatives, modifications, 
and variations will be apparent to those skilled in the art 
in light of the foregoing description. It is therefore con- 
templated that the appended claims will embrace any such 
alternatives, modifications and variations as falling within 
the true scope and spirit of the present invention. 



